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 Free-standing ultra-thin films and micro to nanoscale fibers offer a unique 
geometry in which to study the dynamics of thin film stability and polymer chain 
dynamics.  By melting these films and investigating the subsequent processes of hole 
formation and growth, and fiber thinning and breakup, many interesting phenomena can 
be explored, including the nucleation of holes, shear-thinning during hole formation, 
finite-extensibility of capillary thinning viscoelastic fibers, and confinement effects on 
entanglement of polymer chains.  Free-standing films in the melt are unstable and rupture 
due to instabilities.  The mechanism of membrane failure and hole nucleation is modeled 
using an energy barrier approach which is shown to capture the dependence of hole 
nucleation on thickness.  The formed holes grow exponentially and are found to grow 
under a shear thinning, nonlinear viscoelastic, high shear strain regime.  These holes 
impinge upon each other to form suspended fibers.  The fibers thin according to a model 
for the elasto-capillary thinning of the suspended viscoelastic fluid filaments.  Monitoring 
fiber thinning allows for the acquisition of rheological properties as well as the transient, 
vii 
 
apparent extensional viscosity giving insight into strain hardening and eventual steady-
state extensional viscosity.  The decay and breakup of these fibers and their 
interconnected branched structure indicates the effects of confinement on chain 
entanglement in ultra-thin films.  A transition below a critical film thickness, comparable 
to the dimensions of a polymer chain, shows drastically reduced interchain entanglements 
and a remarkably faster breakup of suspended fibers.  The processes of fiber formation 
from the melting of ultra-thin films are explored in high detail and produce a new 
technique for the investigation of rheological and material properties, confinement 
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POLYMERIC THIN-FILMS AND NANOFIBERS: APPLICATIONS, 
FABRICATION, AND CONFINED GEOMETRIES 
 
1.1. Motivation 
Interest has grown in the fabrication of polymeric micro and nanofibers due to 
their potential use for device applications in nanoelectronics, optical sensors, and nano-
optics.  These applications require the ability to fabricate fibers with regular diameters 
and orientation in two and three-dimensional architectures with point-to-point 
connections.  Many approaches have been developed for the fabrication of polymer 
nanofibers, yet problems with current methods include the formation of fibers with 
random alignment and non-uniformity in diameter. In addition to these problems, 
fabrication of controlled, interconnected nanofiber networks is not possible with most of 
these techniques. 
This project seeks to explore and develop a novel approach for the fabrication of 
oriented and suspended nanofibers in interconnected networks.  The steps of fiber 
formation will be probed methodically along the way in order to gain a better 
understanding of all processes involved.  Fibers are formed by melting ultra-thin 
polystyrene films (h ~ 40 – 100 nm) atop a lithographically patterned array of pillars 
(Figure 1.1a).  Once heated above the Tg of the polymer, holes nucleate randomly in the 
film (Figure 1.1b).  These holes expand (Figure 1.1c) and eventually impinge upon each 
other or pillars.  The bridges of polymer formed between these holes result in suspended 
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Figure 1.5. Fabrication techniques for nanofibers. From left to right: self-
assembly/directed assembly, template synthesis, electrospinning, and drawing. 
 
1.3.1. Self-assembly/Directed Assembly 
The goal of self-assembly and directed assembly is the controlled and predictable 
hierarchical arrangement of nanoscale material building blocks, for example 
nanoclusters, nanowires, and nanotubes, into well-ordered structures.  Lieber and 
coworkers report the directed assembly of one-dimensional nanowires into well-defined 
functional networks (Figure 1.6).15  Fluidic alignment and surface-patterning techniques 
control the assembly of nanowires into periodic parallel and crossed arrays.  The 
electrical properties are then probed to show individually addressable device function at 
nanowire cross points.  This technique is involved and requires surface patterning, 
microfluidics, specific building blocks, and would be difficult to up-scale.  Chou et al. 
used lithographically induced self-assembly (LISA) in order to create periodic micropillar 
arrays.14  LISA uses a mask to induce and control electrostatic force driven self-assembly 
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1.4. Processes for Fiber Formation and Breakup 
Suspended fibers, from the melting of thin-films, form and breakup due to many 
sequential processes.  Random nucleation leads to exponential growth of holes.  These 
holes impinge upon each other to form fibers which undergo capillary thinning, then 
eventually break up.  The investigation into each of these steps can yield information on 
material properties and dynamics unique to the confined geometry of suspended thin 
films and fibers.  Below is a brief overview of the processes contributing to fiber 
formation and breakup.  More thorough literature review and background information are 
given in subsequent chapters pertaining to each respective process. 
1.4.1. Thin Film Dynamics and Confined Architectures 
 The study of the dynamics of thin film stability, such as rupture and dewetting 
phenomena, has been a major research area in polymer science due to its applications in 
adhesives, coatings, and lithographic techniques for device fabrication.  In ultra-thin 
films, films less than 100 nm in thickness, the natural length scale of a polymer chain, 
represented by the radius of gyration, Rg, is comparable to or greater than the film 
thickness.  In this confined regime, polymer conformational changes can result in large 
deviations in dynamics and phase behavior from the bulk.35-43  Because today systems of 
very small dimensions are easily fabricated and manufactured, these problems can be 
probed with new interesting geometries.  These confined geometries allow for the study 
of polymer molecules as they relate to polymer-surface interactions and the effect of 
confinement on the motion of the chains.  Many studies have shown how confinement of 
polymer chains within thin films effects the mobility and dynamics of chains, and thus 
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the glass transition temperature, Tg, of the polymer.  High molecular weight (Mw > 350 
kDa) polystyrene (PS) thin films exhibit a linear dependence on molecular weight, below 
a critical thickness,35, 37-38, 41 while low Mw films show a non-linear, Mw independent Tg 
reduction described by the empirical Keddie, Jones and Cory functional form.44-46  These 
Tg confinement effects have been summarized by Roth et al.41 
1.4.2. Hole Nucleation and Growth 
The study of dynamics of rupture and hole formation in free-standing polymer 
films has seen little attention in the literature.  Hole formation in polymer thin films has 
been attributed to a process similar to spinodal decomposition or by nucleation from 
defects such as dust.36, 47  Hole formation has been addressed and the phenomena 
quantified for films on a substrate such as in the case of dewetting.39, 48-54  Croll et al. 
have developed a scaling for the nucleation of holes in free-standing films that utilizes a 
capillary model and treats nucleation as a classic energy barrier problem.55  Further 
examination into the dynamics and rupture of free-standing thin films will lead to a better 
understanding of the physical properties involved in the nucleation mechanism and thin 
film failure. 
Previous studies on polymer dynamics in thin films have focused on the dewetting 
of polymers from a surface, examining the growth rate of holes formed as well as the 
developing shape of rims surrounding the holes.39, 47-50, 52-54, 56-64  Many of these studies 
have relied on assumptions of a "frictionless surface" or neglect the effects of the surface 
upon which the polymer dewets.  Comparatively, much less work has been performed 
analyzing the growth of holes in free-standing, polymeric thin films.36, 40, 43, 65-67  
Dependent upon the temperature regime, holes have been found to grow linearly close to 
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the Tg of the polymer, or exponentially with time when well above the Tg.  Debregeas et 
al. probed the viscous bursting of thick, 5-50 µm suspended polydimethylsiloxane films, 
and characterized the exponential growth of nucleated holes showing uniform thickening 
of the film and an absence of a rim formed at the hole edge.68-69  Dutcher and coworkers, 
studied the growth of holes in free-standing polystyrene (PS) thin films as a function of 
molecular weight, film thickness and temperature, showing exponential hole growth 
above the Tg.36, 40, 65-66  Xavier et al. show the growth of holes in exponential and linear 
growth modes, with linear hole growth occurring as film thickness is decreased or the 
temperature is decreased close to the Tg of the bulk polymer (Tgbulk).43  Roth et al. show 
that this observed linear response, and the largest deviations from exponential growth at 
early hole growth times, occur at higher Mw and at temperatures very close to Tgbulk, 
resulting from an exponential decay of the initial long-lived transient response and 
suggest this is due to the decay of elastic chain entanglements during the onset of shear 
thinning.40  This linear regime was observed to transition to exponential growth at longer 
times where large shear strain rates disentangle the chains rapidly, giving rise to the shear 
thinning regime and a reduced viscosity. 
1.4.3. Fiber Thinning and Breakup 
The elasto-capillary thinning and breakup of viscoelastic filaments or fibers has 
been studied and fibers are shown to thin exponentially with time.70-73  Fiber thinning is 
driven by capillarity and is resisted by viscoelastic stresses.  In non-Newtonian 
viscoelastic regimes, the transient extensional viscosity can play a significant role in the 
dynamics of filament breakup.  The evolution of fiber diameter and time to breakup can 
be used to determine the material properties of the polymer melt.  Quantitative 
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observation of the ‘self-thinning’ of fibers, in the absence of external forces, can yield 
measurements of the transient extensional viscosity, indicating strain hardening and 
eventual steady-state extensional viscosity.  Steady-state extensional viscosity should 
scale with molecular weight in accordance to the Rouse-Zimm theory. 
In ultra-thin polymer films, film thickness is comparable to the natural length 
scale of a polymer chain, and can thus effect chain entanglement.  As a film thickness 
decreases, chains become more confined and exclude other chains from their pervaded 
volume, resulting in reduced interchain entanglement density.  This change in 
entanglement density in confined regimes can result in significant deviations in polymer 
phase behavior and dynamics from that of the bulk.  Si et al. examine chain entanglement 
in free-standing polymer thin films by straining polystyrene films uniaxially and 
observing a shear deformation zone indicated by necking.42  Thin films below a critical 
thickness are found to be less entangled and thus yield further than films behaving like 
bulk polymers.  Therefore, ultra-thin polymer films offer a unique geometry in order to 
probe confinement effects on entanglement density and thus yielding behavior. 
1.5. Thesis Statement 
The processes involved in fiber formation and breakup can yield insight into thin 
film stability and polymer chain dynamics.  By scrutinizing each of these steps in further 
detail, physical properties will be investigated.  Ultra-thin films and micro to nano-scale 
fibers give access to regimes in which polymer chains are confined and thus physical 
properties are expected to differ from those of the bulk.  In addition, the growth of holes 
as well as drawing of the film and fibers creates a high shear strain regime in which non-
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linear viscoelastic effects will arise.  In this dissertation these interesting regimes will be 
explored in high detail, with investigation into properties such as: 
• Dynamics of thin film stability and rupture/hole nucleation 
• High shear strain, shear thinning effects of hole growth 
• Polymer chain dynamics in entangled melts 
• Non-linear, viscoelastic capillary thinning of fibers 
• Confinement effects on entanglement density in the drawing and breakup of thin 
films and fibers 






HOLE NUCLEATION IN FREE-STANDING POLYSTYRENE ULTRA-THIN 
FILMS 
2.1. Introduction 
Although the study of hole growth has been investigated, to date there exists a 
lack of studies in the literature on the spontaneous nucleation of holes in free-standing, 
polymer thin films.  Reports investigating hole growth in free-standing films do not 
specifically address the details of hole nucleation as studies mainly focus on the 
mechanism of hole growth as discussed in further detail in Chapter 3.  These reports 
attribute two mechanisms to hole formation in the melt state: spontaneously through a 
process analogous to spinodal decomposition or by nucleation from defects such as dust 
(< 0.2 µm) or density inhomogeneities.36, 47  In most examples where hole growth is 
studied, holes are nucleated with a heated scanning tunneling microscope tip, laser, or 
needle.  Hole formation in thin films has been addressed while on a substrate such as in 
the case of dewetting.39, 48-54  Reiter and coworkers report on instabilities and the 
development of holes in PS thin films on coated substrates and determine the number of 
holes formed, Nh, has a power law dependence on film thickness, h, stated as NH ∝  hp, 
where p ~ -4.50-51, 53  The formation of instabilities is attributed to Van der Waals forces 
giving rise to a disjoining pressure which attempts to adjust and minimize the free energy 
while the surface tension competes to maintain the flat film.  Although assumptions are 
made that this hole nucleation theory can be extended to free-standing thin films, given 
that the models are based on frictionless surfaces or are independent of the substrate, no 
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direct study has been performed.  Investigating the dynamics of thin film stability and 
rupture will lead to a new understanding of membrane failure and the mechanism of hole 
nucleation.  In this chapter, hole nucleation in free-standing, ultra-thin polymer films is 
modeled using an energy barrier approach55 and estimates for this energy barrier are 
made. 
2.2. Results and Discussion 
 As previously mentioned, Reiter and coworkers have developed a scaling for the 
hole nucleation and rupture of unstable, thin polymer films on various surfaces.50-51, 53  
For a liquid film on a substrate, a competition between Van der Waals forces, giving rise 
to a disjoining pressure, and viscous loss, due to a Poiseuille flow of the fluid, results in 
fluctuations of the surface with a specific wavelength.  These undulating surface 
modulations have a characteristic dimensionality of  h2, and thus a hole density per area, 
NH, which scales with thickness to the -4 power (NH ∝  hp, where p ~ -4), yielding a 
scaling for the nucleation of holes.  Reiter also reports the spinodal decomposition 
process, opposed to nucleation by defects, has an equal probability for hole nucleation at 
all places in the film, thus hole nucleation is distributed randomly.  Hole nucleation was 
also observed to be independent of the annealing temperature. 
2.2.1. Thin Film Preparation 
The technique of flow coating was developed to fabricate polymer thin films with 
controlled thickness gradients in the submicron to nanoscale regime.74  These films were 
used for combinatorial, high-throughput analysis of thin film thickness effects on 
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In order to probe hole nucleation in free-standing, ultra-thin films, numerous 
annealing experiments on 400 kDa PS films were carried out at various thicknesses 
between 50 and 100 nm.  Ultra-thin PS film samples were annealed using an enclosed 
Linkham LTS350 microscopy thermal stage and a Zeiss Axio Imager M2m optical 
microscope at 50× magnification for imaging.  A specific area of a film with a 
corresponding thickness was selected for imaging in each experiment.  The variation of 
thickness over the resultant images was approximately ±0.16 nm, for a film with a 50 nm 
gradient thickness over a 45 mm width.  Samples were taken from room temperature and 
heated quickly (30 °C/min) to the annealing temperature, 130 °C, for Mn = 400 kDa 
samples, and held at this temperature while hole formation occurred.  Optical microscopy 
was used to take images of hole formation over time for a given thickness, typically at a 
rate of 2 fps for 30 min, over the annealing experiment.  The density of nucleated holes, 
ρH, was calculated by counting the number of holes initiated in the annealed samples in a 
given area.  All holes in a given sample typically initiated instantaneously, within the 
limitations of this experiment.  Images of various thickness films (h = 55 – 87 nm) 
directly after the hole nucleation event are shown in Figure 2.2.  As the film thickness 
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surface.  Even with these models only considering surface modulations of the supported 
films, i.e. independent of substrate surface energy or morphology, they do not adequately 
describe hole nucleation in free-standing films. 
 














Figure 2.3. Hole density, ρH, as a function of film thickness, h, for 400 kDa PS samples, 
T = 130 °C, with a -4 power law (ρH ~ h-4) determined by least-squares-regression 
applied. 
 
 To better show the fit of the power law to the hole nucleation data and the 
stronger scaling, multiple power laws are fit to the data and shown in Figure 2.4.  The 
given fit in Figure 2.3 (solid fit in Figure 2.4) provides the minimum value for the 
reduced chi-squared statistic.  The power itself can be allowed to float in the least-
squares-regression determination and a power law of ρH ∝  h-7.69 is calculated (dashed fit 
in Figure 2.4).  This fit result is further evidence that the hole nucleation mechanism 
obeys a stronger scaling, thus a model that captures the energetics of both surfaces in 








 ρH = 5.09 x 108 h-4











Figure 2.4. Hole density as a function of film thickness, for 400 kDa PS samples, 
showing the -4 power law and a fit obtained allowing the power to vary, both determined 
using least-squares-regression. 
 
2.2.4. Hole Nucleation Model in Free-standing Films 
In order to determine an improved model, the nucleation of holes in a free-
standing polymer film can be considered as a balance of free energy.  A suspended 
polymer film in the melt/fluid state is metastable; however there is an energy barrier 
resisting breakup of the film.  A schematic representation of the free energy balance of 
hole nucleation is depicted in Figure 2.5.  The free energy, F, of a hole formed in a free-
standing film can be written as: 
 
holehole RRF πεπ 22 2 Γ+−=  (2.1)
 
where -2επRhole2 represents the loss of surface energy from the two circular areas of the 
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 In order to examine the free energy model for hole nucleation, the hole nucleation 
density data from Figure 4 is plotted in Figure 6 as log(ρh) as a function of the square of 
thickness, h2.  The capillary model and energy barrier scaling shown in Equation 2.2 was 
applied to the data in Figure 2.6.  The data in this investigation encompasses a range up 
to a greater thickness (53 – 100 nm) than that investigated by the study of Croll et al. (~ 
20 – 70 nm).  While the energy barrier model agrees remarkably well with the hole 
nucleation data in this lower range, hole nucleation data above ~ 80 nm begins to deviate 
from the pure exponential scaling, approaching an asymptotic limit of hole density.  With 
the addition of an offset hole density value (5.5 × 10-8 Holes/m2), the exponential 
function maintains the same “slope” and agreement in thinner films and captures this 
limit seen in films above ~ 80 nm.  This minimum hole density suggests that other 
mechanisms for hole nucleation must be considered above a certain film thickness.  In 
this thicker regime, the energy barrier becomes large, thus nucleation from additional 
effects may dominate, such as nucleation from inhomogeneities in the film, like those of 
residual density fluctuations from the casting of films.  Both the pure exponential scaling 
characterizing the thinner regime as well as the offset exponential fit are given for 
reference in Figure 2.6, both calculated using least-squares-regression.  As shown, the fits 


















h2 (m2)  
Figure 2.6. Hole density, ρH, as a function of the square of film thickness, h2, for 400 
kDa PS samples of varying thickness, T = 130 °C.  The data is fit using Equation 2.2, 
both with and without an asymptotic limit. 
 
The data is well fit by the energy barrier model of Equation 2.2 giving a value of 
F*/kT = 4.4, corresponding to a nucleation event that occurs readily and frequently.  
Calculating F* from the exponential curve fit of this data gives a value for F* of 2.50 × 
10-20 J for a 50 nm thick film.  Though the data qualitatively agrees with the fit curve 
from Equation 9, the calculated value for F* is lower than the predicted energy barrier of 
10-16 J, indicating that another driving force is influencing hole nucleation.  Croll et al. 
discuss this hole nucleation model and make a comparison between PS films and 
PS/polymethyl methacrylate block copolymer (PS-b-PMMA) films with disordered, 
cylindrical, and lamellar morphologies.55  Their hole nucleation data gives a free energy 
barrier of approximately 1.5 × 10-20 J for a 40 nm thick film, which is remarkably close to 
the calculated value from the data in the present study (F* = 1.57 × 10-20 J for h = 40 
nm), and deviates from the simple prediction of 10-16 J in the same manner.  This 
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difference from the theoretical value of the energy barrier shows that the free energy of 
the capillary model (Equation 2.1) captures just the general scaling.  These markedly 
reproducible deviations can be attributed to the attempt frequency, a, having some 
dependence upon thickness.  This difference in calculated energy barriers may also result 
from an effective surface energy which is dependent on thickness, due to this change in 
thickness modifying the disjoining pressure.  Additionally, nucleation from defects could 
work to lower the energy barrier of nucleation.   In the thinner film thickness regime, 
where the data is well described by the energy barrier scaling, nucleation from defects are 
unlikely to be an influence of the lowered energy barrier, due to the replication of the 
same free energy barrier over numerous experiments conducted between this present 
study and Croll et al., where samples were created with different polymers and with 
different experimental conditions.  However, as stated earlier, the asymptotic limit of 
hole density observed in thicker films is likely to be influenced by nucleation from 
inhomogeneities as the energy barrier becomes large.  Although the attempt frequency 
prefactor is not quantitative, hole nucleation in this study scales well with the simple 
capillary model.  A more detailed molecular model that captures the attempt frequency 
variations is needed to quantitatively understand the nucleation mechanism in free-
standing thin films. 
 In order to further examine the dependency of hole density on experimental 
variables, hole density was measured for a series of samples with varying molecular 
weights and pillar spacings.  Figure 2.7 shows measured hole density as a function of Mw 
for two different pillar spacings.  According to the simple free energy model for 
nucleation of a hole, surface energy and edge tension dominate.  Since bending of an 
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interface to nucleate a hole is neither more energetically favorable nor unfavorable for a 
given polymer, hole nucleation should be independent of molecular weight.  Croll et al. 
show how this is not the case however for diblock copolymers, where the anisotropy of 
chain architecture in the film causes an increased edge tension, hindering hole 
nucleation.55  Accordingly, hole density was found to be independent of Mw, with values 
varying between 15 – 20 holes/104 µm2, which is within the error of the experiment.  
Samples with varying Mw’s were tested at a thickness of 65 nm, which is within the 
regime below ~ 80 nm where the capillary model predicts exponential dependence on 
thickness.  Thus a slight change in thickness between samples could cause the variation 
seen between different Mw samples.  Additionally, influences on nucleation by defects 
























Figure 2.8 shows measured hole density as a function of pillar spacing for 
samples of constant thickness and Mw.  Due to the geometry of a free film suspended 
between pillars, available area for the nucleation of holes scales with pillar spacing.  Hole 






























where d is pillar spacing and p is pillar radius.  A further description of the suspended 
film with respect to pillar geometry is given in Section 4.2.3.   The scaling in Equation 
2.4 is applied to the hole density data in Figure 2.8 and agrees reasonably.  Outside of this 
scaling, no influence of pillars and thus pillar spacing is expected.  This lack of pillar 
influence on hole nucleation is evidenced by optical microscopy where holes in this study 
nucleate randomly in the film (see Figure 2.2), as expected by the energy barrier 
mechanism akin to spinodal decomposition.  Additionally, variance of hole density with 
respect to pillar spacing is minor, as compared to the exponential dependency of hole 





















Figure 2.8. Hole density, ρH, as a function of pillar spacing, d (400 kDa PS, h = 65 nm). 
 
2.3. Conclusions 
 A simple capillary model was applied to the analysis of hole nucleation.  The 
scaling predicts the relationship between hole nucleation and thickness well, however 
quantitative measurements of the energy barrier for hole nucleation did not match the 
theoretical values.  Hole nucleation data yields an energy barrier of 2.45 × 10-20 J which 
deviates from the predicted value of 10-16 J for a 50 nm film.  This deviation is lower than 
expected, indicating the influence of an additional driving force and could be attributed to 
the variation of surface tension and attempt frequency with thickness.  The collected hole 
nucleation density data did not fit with the standard hole nucleation theory (NH ∝  h-4) in 
the literature from the study of thin film rupture and dewetting where surface 
modulations from Van der Waals forces are considered, indicating nucleation in free-








 The growth of holes in free-standing, ultra-thin polymer films is probed atop 
lithographically patterned arrays of microscale pillars.  The growth is shown to be an 
exponential expansion of the holes in a shear thinning, high shear strain regime, 
unencumbered by the pillar array substrate.   Ultra-thin films of polystyrene (between 50 
and 100 nm) cast via flow coating are suspended atop lithographically patterned arrays of 
pillars.  The films are then annealed above the glass transition temperature to study the 
growth of holes via optical microscopy.  Image analysis is performed to measure the hole 
radius as a function of time.  Holes are found to grow exponentially with time in a non-
linear viscoelastic, shear thinning regime under high shear strain.  Additionally, the 
dependence of shear viscosity on Mw, thickness, and pillar spacing is examined and 
trends are observed.  These trends in the viscosity of expanding holes are compared to 
studies in the literature and are found to be in good agreement. 
3.2. Results and Discussion 
3.2.1. Annealing Experiment 
 Ultra-thin PS film samples of various thicknesses and molecular weights (Table 
3.1) were annealed and imaged over time.  Samples were taken from room temperature 
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Figure 3.1. Optical microscopy showing hole expansion over time, with the initial frame 
at t = 3 s after hole nucleation and each subsequent frame advancing 2 s, for a 
representative sample (h = 65 nm, 400 kDa PS). 
 
A novel image analysis technique developed for the acquisition of suspended 
fiber properties, such as diameter, orientation and branching, was applied to images of 
growing holes to identify, track, and measure individual hole radii (see Experimental 
Section 8.1.2).84  Hole radius was measured as a function of time as soon as holes could 
be optically resolved, typically ~ 0.5 μm in diameter, then normalized against their initial 
respective radii.  Figure 3.2 shows a representative example of hole radius as a function 
of time, Rhole(t), for a hole expansion experiment with a parent film of 400 kDa PS, 
having a thickness of 65 nm.  Initial exponential growth is seen, followed by a decay in 
growth, corresponding to holes impinging upon each other and the pillar array.  This 
impingement is illustrated by the dashed line in Figure 3.2, where the leading holes edges 
can be visually observed to contact each other and supporting pillars in optical 
microscopy images.  The onset of this decay in growth and the point at which holes begin 
to compete for space to grow occurs just before this impingement point, at the midpoint 
transition, (Rhole/R0 = 0.5).  The curve in Figure 3.2 is from an average of hole data from 
at minimum five representative holes and is fitted with both exponential growth and 
decay curves, before and after the midpoint transition, respectively.  The fits for both 
exponential curves are given.  Similar exponential growth curves (see Figures 3.3-3.6) 
were attained for all samples in this study (Table 3.1), yielding viscosity values at the 
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Figure 3.2.  Normalized hole radius as a function of time showing both exponential 
growth of holes, followed by exponential decay in growth at the midpoint transition 
(Rhole/R0 = 0.5), after impingement with other holes as well as pillars (h = 65 nm, 400 kDa 
PS, T = 130 °C). The dashed line is given to indicate where holes visually impinge upon 
the pillars as seen by optical microscopy. 
 
3.2.2. Exponential Growth Law for Hole Expansion 
 Hole expansion is driven by an energy balance between a surface tension stress 
pulling the hole open and viscous dissipation within the film resisting flow.  An 
exponential growth law for the radius of a hole, Rhole(t), with respect to time t, has been 
developed and confirmed experimentally:36, 40, 43, 65, 69 
 ( ) ( )flowhole tRtR τexp0=  (3.2)




where R0 is the initial hole radius, τflow is the characteristic growth time, η is the viscosity 
at the hole edge, h is the film thickness, and ε is the surface tension of the polymer-air 
interface, with ε for PS at different temperatures calculated using the equation81 
 ( ) 7.4020072.0 +−−= Tε  (3.4)
 
with ε in mN/m for T in degrees Celsius.  This surface tension gives a shear stress σ = 
2ε/h and produces a shear strain rate at the hole edge of  γ&  = 2/τ. 
Figures 3.3 through 3.6 are included to show exponential hole growth curves for 
all samples tested.  Curves are generated from an average of hole data from at minimum 
five representative holes.  Hole radius data is first normalized with respect to initial hole 
radius, R0, then plotted versus time.  The data was then fit to the exponential growth 
equation, Rhole(t) = Aet/τ, to obtain the characteristic growth time, τ.  The data is next 
plotted as ln[R(t)/R(τ)] versus t/τ, to normalize data such that long time regions of data 
overlap, where exponential growth occurs.  Exponential growth curves yield viscosity 
values at the hole edge for each sample, as visualized by the slope of the long time 
regions in plot b of Figures 3.3 through 3.6.  Figure 3.3 compares the hole growth in thin 
film samples of the same thickness and Mw (h = 65 nm, 400 kDa PS) on pillar arrays with 
varying spacings (25, 35, and 75 µm).  The hole growth curves show no significant 
deviation as the pillar spacings are changed, giving evidence that the supporting pillars do 











































Figure 3.3. Normalized radius, Rhole/R0, versus time (a) as well as ln[R(t)/R(τ)] versus t/τ 
(b) for exponentially expanding holes with varying pillar spacings (h = 65 nm, Mw = 400 
kDa), showing no correlation of pillar spacings on hole growth rates. 
 
 Figure 3.4 shows hole growth in thin films with a constant larger pillar spacing 
and Mw (75 µm, 400 kDa PS) with varying parent film thicknesses.  As can be seen in 
Figure 3.4b, once normalized by the characteristic growth time, which is dependent upon 
thickness (τ = ηh/ε), the growth curves collapse onto each other at long times.  This 
indicates that viscosity does indeed scale indirectly with film thickness according to the 
exponential growth law given in Equations 3.2 and 3.3. 
 













































Figure 3.4. Normalized radius, Rhole/R0, versus time (a) as well as ln[R(t)/R(τ)] versus t/τ 
(b) for exponentially expanding holes with varying parent film thicknesses and pillar 




Figure 3.5 shows hole growth in thin films with a constant larger pillar spacing 
and thickness (25 µm, h = 65 nm) with varying Mw.  Curves of varying molecular weights 
(Figures 3.5 and 3.6) condensed onto single plots cannot be compared directly due to 
varied conditions for experiments affecting their corresponding shear strain rate.  Once 
viscosity values are calculated and shear strain is properly normalized, hole growth 
between samples with varying Mw can be compared.  Figure 3.5b does however show that 
there is no measurable dependence of Mw on the characteristic timescale values, and thus 
the overlap in slopes at higher times, which is consistent with the lack of dependence of 
the viscosity on Mw in the shear thinning regime, where viscosity is dominated by 
entanglements.65, 85 
 






































Figure 3.5. Normalized radius, Rhole/R0, versus time (a) as well as ln[R(t)/R(τ)] versus t/τ 
(b) for exponentially expanding holes with varying Mw and pillar spacings of 75 μm, h = 
65 nm. 
 
Another characteristic seen in both Figures 3.5 and 3.6 is an initial linear growth 
of hole radius.  The initial linear response persists for the longest times and is most 
pronounced at lower annealing temperatures, thus lower Mw in these experiments, where 
elastic effects can contribute significantly.  In polymer melts of linear chains, an elastic 
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response is due to the entanglements between chains.40  According to reputation theory,86-
87 initial entanglements will persist up to one reptation time, then are lost.  In a high shear 
strain rate regime, new entanglements will not have a chance to form, resulting in a 
decrease in the density of entanglements to a steady-state value, characterized by a 
reduced viscosity η(γ& ).88-89  This reduced viscosity is characterized by the slope of the 
overlapping data in Figures 3.5b and 3.6b at longer times. 
Figure 3.6 shows hole growth in thin films with a constant smaller pillar spacing 
and thickness (75 µm, h = 65 nm) with varying Mw.  The hole growth observed on pillar 
arrays with a smaller spacing is similar to that shown on larger spaced arrays (Figure 
3.5).  The one noticeable difference in data collected is that holes impinge upon pillars 
more quickly at smaller spacings, thus the collection of hole growth data is limited to a 
shorter time period. 
 






































Figure 3.6. Normalized radius, Rhole/R0, versus time (a) as well as ln[R(t)/R(τ)] versus t/τ 








3.2.3. Shear Thinning During Hole Expansion 
At higher viscosities, lower temperatures, and higher molecular weights, the 
importance of nonlinear viscoelastic effects such as shear thinning becomes greater.88, 90  
Shear thinning is described as a power law of the viscosity normalized by the zero shear 
rate viscosity, giving the reduced viscosity, η/η0, versus the reduced shear strain rate, β: 
 




where the power law exponent, d, in the bulk is typically ~ 0.8 in the shear thinning 
regime,88 experimentally found to be between ~ 0.65 and 0.78 by Dutcher and 







γηβ &0=  (3.6)
 
where Rmol is the molar gas constant and ρ is the density of the polymer, with ρ for PS at 
different temperatures calculated using the equation91-92 
 
264 10136.01019.60865.1 TT −− ×+×−=ρ  (3.7)
 
with ρ in g/cm3 for T in degrees Celsius.  Next, the specific variables that influence the 
reduced shear strain rate will be examined individually, in order to determine the 
dependency of the reduced viscosity on these properties. 
Figure 3.7 shows the reduced viscosity at the hole edge, as calculated from the 
hole growth experiments, for all samples in Table 3.1, as a function of the reduced shear 
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strain rate.  The data in Figure 3.7 is fitted with a power law determined by least-squares-
regression to give a slope of -0.73±0.05 which is slightly smaller than the bulk value of -
0.8, but fits well within the previous given range of literature values (d = 0.65 – 0.78).  
The deviation of data from the trend at large Mw (2 and 6 MDa), is thought to be 
contributions of additional driving forces, such as from weak residual strain in the film 
due to suspension or from residual stresses remnant from the flow coating process.  
Annealing films for long times over Tg could be applied in further studies to ensure 
equilibration of residual stresses and molecular conformations within the films.  
However, strain due to suspension is unavoidable for the purpose of thin film melting for 
the eventual fabrication of suspended fibers in this architecture.  These additional stresses 
could add to the effective surface tension (η ~ τflowε/h) and would be expected to play a 
more significant role at higher values of Mw. 
 






β = η0Mwγ./ρRmolT  
Figure 3.7. Reduced viscosity, η/η0, versus reduced shear strain rate, β, for samples with 
varying molecular weight (●), thickness (▲), and pillar spacing (♦). Data from the 
















ef. 65.  The h

























t the hole 
elastic regim





.65 with a be
40 































0 ~ |β|-0.78. 
 as the visc
. 
ain rate, β, 
ing (♦) adap
0.01. 
laid on data 
e of hole gr
er law fitti





















The growth of holes in free-standing polystyrene ultra-thin films was studied 
using optical microscopy.  The growth of holes was determined to be exponential, 
corresponding to a viscous flow, in a shear thinning dominated, nonlinear viscoelastic, 
high shear strain regime.  Calculated trends in reduced viscosity versus reduced shear 
strain rate agree with and match previous studies in the literature.  Shear viscosity was 
found to be independent of Mw due to hole expansion occurring in a shear thinning 
regime, where viscosity is dominated by the effects of entanglements.  An initial linear 
regime of hole expansion was found to be more prevalent at lower experiment 
temperatures, corresponding to increase in the contributions of elastic effects.  Pillar 
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Furthermore, in this chapter control over the fabrication of oriented, suspended 
fibers in interconnected networks with parameters such as fiber diameter and the 
patterning of the substrate is explored.  Polymer thin films with a controlled, gradient 
thickness (~ 20 – 120 nm) are suspended from lithographically patterned substrates 
comprised of microscale pillar arrays.  The films are annealed above the glass transition 
temperature (Tg) forming polymer fibers suspended between the patterned pillars.  These 
drawing fibers are quenched before fibers begin to breakup.  The resultant fiber diameter 
can be controlled by tuning the parent film thickness and the pillar spacing.  Moreover, 
by orthogonally combining gradient thickness films with various pillar spacings a 
combinatorial landscape is provided which allows these two parameters to be rapidly 
explored.  This thin film melting approach represents the initial developments towards 
fabrication of suspended micro and nanofiber networks with specific two-dimensional 
architectures in three-dimensional devices. 
4.2. Results and Discussion 
4.2.1. Elasto-capillary Fiber Thinning 
Ultra-thin film samples with varying thicknesses were annealed and imaged over 
time.  Film samples were taken from room temperature and heated quickly (30 °C/min) to 
the annealing temperature, 130 °C, for Mn = 400 kDa samples, and held at this 
temperature while hole formation, subsequent expansion, fiber formation, and thinning 
occurred.  Samples of other molecular weights were annealed at temperatures (116, 161, 
196 °C for 123, 2000, and 6000 kDa, respectively) to match the zero shear rate viscosity, 
η0, of this experiment (1.73 × 109 Pa·s), calculated using the empirical VFT equation as 
given in Equation 3.1.  Upon heating above the Tg of the polymer, random hole 
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nucleation occurs spontaneously in the suspended films according to the free energy 
balance for hole nucleation reported in Chapter 2.55  These holes then expand at an 
exponential rate due to surface tension driven capillary forces competing with viscous 
dissipation resisting the flow of the polymer.36, 40, 65-66, 68-69  As these holes expand, 
eventually they impinge upon other holes, where the hole edges meet, forming suspended 
"bridges" or fibers.  The thinning of these fibers will now be considered in further detail. 
 The elasto-capillary thinning and breakup of slender viscoelastic filaments or 
fibers has been studied in detail.70-72, 93  For viscous Newtonian fluids, the timescale for 
capillary thinning can be expressed as the capillary time tcap = η0R/σ, where η0 is the 
viscosity, R is the radius, and σ is the surface tension.  Figure 4.2 shows models for 
commonly observed modes of capillary thinning in fluid fibers.  The model for a 
Newtonian fluid is shown to thin linearly versus time.  However, in elasto-capillary 
thinning, fibers neck down and elongate due to capillarity and undergo strong extensional 
flows which result in large deformations of the polymer molecules leading to large elastic 
stresses.  These elastic stresses cause resistance to flow of the fiber resulting in non-linear 
thinning over time.  Models for the viscoelastic thinning of capillary fibers will be 
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The total deformation at a given time can be given as the Henky strain: 
 
( ) ( ) ( )( )tRRtdtt midt 00 ln2∫ =′′= εε &  (4.2)
 
Equation 4.1 can be rewritten to obtain a prediction for how the radius of a viscoelastic 












This model for the evolution of a viscoelastic fluid filament as a function of time is 
shown in Figure 4.3a.  The evolution of fiber radius versus time was measured for fibers 
formed from films with various molecular weights and thicknesses.  A representative plot 
of fiber evolution, showing the exponential decay of fiber radius versus time, for a 
sample with 100 nm thickness and Mw = 400 kDa, is given in Figure 4.3b.  Each data 
point in the exponential decay curves is from an average of fiber radii from a minimum of 
five representative fibers.  The Rmid(t)/R0 curve is fitted via an exponential decay function 
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the radius behavior over the two thinning regimes.  Figure 4.4 shows a representative plot 
of fiber thinning behavior with the model Equation 4.4 applied, clearly showing both the 
initial exponential decay of fiber diameter then the linear response at long times. 
 











Figure 4.4. Representative data for the evolution of fiber radius as a function of time, in a 
semi-log plot, exhibiting two regimes of thinning: exponential at early times and linear at 
long times (h = 65 nm, 400 kDa PS).  Equation 4.4 was fitted to the data using least-
squares-regression. 
 
Figures 4.5 and 4.6 are included to show exponential thinning of fiber radii for all 
samples tested.  Curves are generated from an average of fiber data from at minimum five 
representative fibers.  Very little variance is seen between the thinning of fibers with 
varying parent film thickness, showing fibers thinned similarly for samples of the same 
Mw, regardless of their initial strain regimes.  This independence of initial strain regime is 
consistent with the Oldroyd-B and FENE dumbbell models, in which the extension rate is 


















Figure 4.5. The evolution of fiber radius as a function of time, on a semi-log plot, for 
samples of varying parent film thicknesses (400 kDa PS, pillar spacing was 25 µm). 
 















Figure 4.6. The evolution of fiber radius as a function of time, on a semi-log plot, for 
samples of varying Mw (h = 65 nm, pillar spacing was 25 µm). 
 
The transient extensional rheology of the PS samples is contained within the fiber 
radius evolution data, and can be reexamined in the form of the transient extensional 
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viscosity or apparent extensional viscosity, appη .  The forces on the filament form a 
balance of viscous and viscoelastic stresses with the capillary pressure, thus by 
substituting Equation 4.1, appη
 











τη −==Δ= &&  (4.5)
  
where Δτ is the tensile stress difference on the filament and ε&  is the corresponding strain 
rate.70, 72  Thus appη  is inversely related to the first derivative of the fiber radius.  
Experimental data of fiber radius over time was differentiated in order to determine the 
evolution of apparent extensional viscosity.  In Figure 4.7, appη  is plotted versus Henky 
strain for samples with varying molecular weights and parent film thicknesses, thus 
different initial strain regimes.  These initial strain regimes were studied in Chapter 3 
where shear viscosity values, for initial hole expansion towards the formation of fibers, 
were on the order of 106 Pa·s with shear strain rates of approximately 0.5 s-1.84  The 
resultant Trouton ratio values for the present study would range between 101 and 104, 
consistent with Anna and McKinley’s findings for thinning of elasto-capillary 
filaments.70  It is apparent that a steady-state extensional viscosity plateau was not 
observed in these fiber thinning experiments.  A higher Henky strain regime could yield 
these values however in the current investigation, fiber networks typically began to fail 
before the observation of a steady-state plateau.  The evolution in appη  for samples of 
varying parent film thicknesses did not change greatly, indicating fibers thinned 
similarly, for samples of the same Mw, regardless of the differences in their initial strain 
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regimes.  This observation is consistent with experimental observation of capillary 
breakup of polymer solutions and melts and with the predictions of constitutive models 
like the Oldroyd-B and FENE dumbbell models discussed previously. 
 



























Henky Strain  
Figure 4.7.  Apparent extensional viscosity, appη , versus Henky strain, for samples with 
varying molecular weights (a) and thicknesses (b).  Samples with varying Mw had a 
constant parent film thickness of h = 65 nm, whereas samples with varying thickness had 
a constant Mw = 400 kDa; pillar spacing was 25 µm. 
 
4.2.2. Fiber Formation – Analysis of Resultant Fiber Radius and Yield 
In order to study fiber formation and the control over resultant fiber radius, 
gradient thickness PS thin films from ~ 30 – 120 nm were annealed, then quenched after 
fiber formation at a controlled time of drawing.  The gradient thickness thin films, 
coupled with a pillar array containing multiple pillar spacings in an orthogonal direction, 
allows for the combinatorial study of fiber radius allowing a large range of these 
parameters to be explored rapidly.  Film thickness and pillar spacing were varied in order 
to determine a relationship between these properties and resultant fiber radius and yield.  
Films in this experiment were thermally annealed for 30 min at 150 °C, well above the Tg 
of the bulk PS polymer (~ 100 °C).  The films were then cooled down to quench thinning.  
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Optical microscopy images were then taken across the array, corresponding to specific 
film thickness and pillar spacings.  Image analysis was developed and utilized to measure 
fiber radius and yield through this vast collection of data (see Experimental Chapter, 
Section 8.1.2).  A developed volume scaling of fiber radius and yield versus parent film 
thickness and pillar spacing was applied and found to fit the trends in data well. 
4.2.3. Analysis of Fiber Properties 
Parent film thickness and pillar spacing were varied in order to better understand 
their effects on fiber radius and yield.  Both film thickness h, and post spacing d, will 
directly affect fiber radius.  The volume of a fiber is approximately equal to the length, 
the pillar spacing d, times its cross-sectional area, πR2, where R is the radius.  The volume 
of a polymer film between pillars in a square array is given by the thickness h, multiplied 
by the area, d2.  Assuming the polymer in a unit cell melts into two uniform fibers, the 
fiber volume and film volume are roughly equal, thus a relationship for the fiber radius 




hddR 222 ≅π  (4.6)
( ) 212/ πhdR ≅  (4.7)
 
This relationship shows that fiber radius is proportional to the square root of both film 





becomes larger, more volume of polymer is available for fiber formation, thus the 
resultant fiber radius is expected to be larger.  This simple scaling does not however 
account for volume of polymer left on top of pillars to form a cap.  If we neglect this 
volume, making an assumption that polymer does not flow from these caps into resultant 
fibers, the volume scaling can be written as: 
 
( )( )[ ] 2122 22 dhppdR ππ−+=  (4.8)
 
where p is the radius of a pillar (~ 15 µm). 
Data was collected to verify the relationship between the resultant fiber radius and 
the parent thin film thickness, holding the pillar spacing constant.  Abutting images were 
taken across a film sample space in order to obtain fiber property values corresponding to 
the gradient film thickness.  Figure 4.8 shows fiber radius values (0.99 to 1.39 µm) for PS 
thin films with a range of film thicknesses from ~ 35 to 120 nm.  Regression using the 
previously described volume balance (Equation 4.8, while allowing for volume of 
polymer atop pillars) with weight given by error was performed, exhibiting a dependence 
of fiber radius on film thickness (χ2red = 0.052), shown by the fitting curve in Figure 4.8.  
Performing analysis of variance (ANOVA) tests confirms that fiber radius is in fact 
dependent upon film thickness with a high certainty (p < 0.0001), and fiber radius is 



















  Rmid ~ (hd/2π)1/2
 
Figure 4.8. Measured midpoint fiber radius, Rmid, versus film thickness, h, for a pillar 
spacing of 15 µm, fit with the volume scaling given in Equation 4.8. 
 
The geometry of the pillar arrays has a large impact on fiber properties such as 
radius, orientation, and yield.  As discussed above, fiber radius is expected to be 
proportional to the square root of pillar spacing.  Gradient thickness thin films (~ 50 – 90 
nm) were cast on an array containing regions with pillar spacings of 15, 25, and 35 µm, 
with pillars ~ 15 µm in diameter.  Representative images of fibers with these three 
different pillar spacings are shown in Figures 4.9a, 4.9b, and 4.9c, respectively.  If the 
controlled variables, film thickness and pillar spacing, are used with the scaling 
relationship discussed earlier (Equation 4.8), the expected fiber radius can be calculated.  
When the measured fiber radius, Rmid, is plotted versus the calculated fiber radius, a 
relationship can be determined which is expected to be linear with a slope of one (Figure 
4.9d), independent of pillar spacing.  The fiber radius values do indeed fit a linear trend 
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number of holes per area between pillars, thus the fiber yield increases.  This trend can be 
seen in Figure 4.10 for data collected from pillar spacings of 15, 25, and 35 µm. 
 















Figure 4.10. Yield, y, versus film thickness, h, for a film suspended over an array with 
varied pillar spacings (15, 25, 35 µm).  Dashed lines shown for visual guide. 
 
As previously discussed, nucleation of holes can be considered as an energy 
barrier event with a simple capillary model.  This process is a free energy balance of 
surface energy competing between the loss of the surface energy with the formation of 
surfaces from the newly formed hole.  The nucleation of holes was determined to follow 
an exponential scaling dependence on the square of film thickness, thus as film thickness 
increases nucleation will exponentially decrease. 47, 50-5147, 50-5147, 50-5147, 50-51  Because the 
number of nucleated holes is proportional to yield, the fiber yield is also thickness 
dependent.  For a given pillar spacing, fiber yield decreases as film thickness increases, 
as shown in Figure 4.10.  The trend in yield versus film thickness can help explain why 
the measured fiber radii are larger than equation 4.8 predicts as shown in Figure 4.9d.  A 
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yield less than 100% results in more volume available per fiber, therefore the resultant 
fiber radii must be larger.  Figure 4.11 shows the data from Figure 4.9 and 4.10 
combined.  The fit in Figure 4.11 incorporates the calculated yield into scaling for fiber 
radius.  As the figure shows, once yield is incorporated into the scaling, yield data from 
Figure 4.10 collapses and agrees with the scaling (χ2red = 0.0036, p < 0.0001). 
 
















 Rmid = 0.63 (hdy/2π)
1/2 + 0.59
 
Figure 4.11. Measured midpoint fiber radius, Rmid, versus the scaling parameter, 
(hdy/2π)1/2, with yield values incorporated. 
 
4.3. Conclusions 
The thinning of suspended fibers was observed via optical microscopy while 
varying Mw and film thickness.  The thinning of these fibers from the melting of free-
standing polystyrene thin films was determined to obey the model for the capillary 
thinning of viscoelastic fluid fibers.  The technique of monitoring the evolution of 
viscoelastic polymer fibers can prove to be a useful tool in the study of polymer 
rheological properties, such as the longest relaxation time of a polymer chain and the 
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steady-state extensional viscosity.  Additionally, the transient, apparent extensional 
viscosity can be measured, which can indicate phenomena in fiber drawing such as strain 
hardening and eventual steady-state viscosity. 
 In addition to the study of fiber thinning, the effect of both parent film thickness 
and pillar spacing on resultant fiber radius and yield were probed.  Film thickness was 
varied from 35 – 120 nm and a scaling for the resultant fiber radius was applied.  In a 
separate study, film thickness was varied between 50 – 100 nm, while in an orthogonal 
direction three different pillar spacings, 15, 25, and 35 µm, were explored, illustrating a 
combinatorial approach towards the investigation of fiber properties.  The resultant fiber 
radius scaled with a volume balance for both film thickness and pillar spacing, whereas 
yield was directly dependent on the number of holes generated during the nucleation 
event.  This thin film melting approach outlines a new technique towards the fabrication 
of oriented, suspended micro and nanofiber networks with eventual control over fiber 
properties.  Investigations in the next chapter will look at ultra-thin film confinement 




FIBER BREAKUP AND CONFINEMENT EFFECTS FROM THE MELTING OF 
FREE-STANDING POLYSTYRENE ULTRA-THIN FILMS 
5.1. Introduction 
 An exploration into the confinement effects on chain entanglements in free-
standing ultra-thin (<100 nm) polymer films is presented.  In this chapter, chain 
entanglements are probed by determining the lifetime and breakup timescale of a 
branched network of suspended fibers formed from the annealing of these films.  Films of 
polystyrene (between 50 and 100 nm) cast via flow coating are suspended atop 
lithographically patterned arrays of pillars.  The films are then annealed above the glass 
transition temperature, where holes are randomly formed.  The holes expand 
exponentially due to capillary forces and impinge upon each other to form a suspended, 
branched network of fibers.  The thinning of fibers as well as the lifetime and breakup of 
this fiber network is observed via optical microscopy.  A model for the viscoelastic-
capillary thinning of fibers can be applied to determine a timescale for the breakup of 
individual samples.  The decay of this timescale, below a critical parent film thickness, 
shows a transition between interchain and self-entanglements when crossing into a 
confined regime, illustrating a significantly decreased interchain entanglement density 
and breakdown in the entangled network of the polymer melt.  This analysis of 
confinement effects on chain entanglement extends the understanding of the mechanisms 
involved in suspended fiber formation from the melting of free-standing polymer thin 
films.  A better knowledge of chain entanglements in confined systems will make future 
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fabrication of nanoscale suspended fibers, new architectures, and subsequent devices 
more controlled and accessible. 
 The dynamics of polymer chains in entangled melts has been a major research 
focus for the past forty years, but few reports investigate entangled polymer melts in a 
confined regime.  Placing polymer molecules into confined geometries provides a way to 
probe the effects of confinement on the conformation and mobility of chains and 
polymer-surface interactions.  In the bulk, entangled polymer melts are modeled as ideal 
Gaussian chains where their random walk motion has a length scale dependent on the 
molecular weight, Mw, of the polymer.86  This characteristic length scale of a polymer 
chain can be expressed by the root-mean-squared end-to-end distance, Ree, where Ree ~ 
Mw1/2.  Due to random thermal motions, an ideal chain will explore and occupy a 
pervaded volume, Vp ~ Ree3.  In this volume a polymer chain will have specific 
interactions with itself and many other chains.  Some of these interactions being 
entanglements or "knots" with other chains, which restrict chain mobility.  These 
entanglements are responsible for many important characteristic polymeric properties 
including very high melt viscosities, toughness, and elastomeric viscoelasticity.42, 86 
 In ultra-thin polymer films (less than 100 nm in thickness) the film thickness, h, 
approaches the natural length scale of a polymer chain (Ree) and as the film thickness 
decreases, the pervaded volume allowed for a chain's conformation also decreases.  Due 
to increasing confinement, segments from other chains are excluded from a specific 
chain's pervaded volume, resulting in a reduced interchain entanglement density despite a 
constant overall entanglement density.42  In this confined regime, changes in polymer 
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conformation can result in large deviations in phase behavior and dynamics from the 
bulk. 
 Confined systems can be explored by studying the formation, evolution, and 
breakup of suspended fibers formed from the melting of free-standing polystyrene ultra-
thin films.  Hole formation in viscous thin films has been studied in detail in the 
literature, as in the case of dewetting.39, 48-54  As discussed earlier, the nucleation of holes 
in suspended polymeric films in the melt state has been studied by Rathfon et al.94 as well 
as Croll et al.55 and is found to exhibit a classic free energy barrier relationship, in which 
hole density, ρh, is proportional to the film thickness, h, thus ρh ~ exp(-h2).  The holes 
expand exponentially under capillary forces and impinge upon each other to form a 
branched network of suspended fibers. By applying a model for the viscoelastic-capillary 
thinning and breakup of fibers in this network a characteristic timescale can be derived. 
 In this chapter, the branching lifetime and breakup of suspended fibers is 
investigated via optical microscopy (Figure 5.1).  Ultra-thin polystyrene films (h = 50 - 
100 nm), cast via flow coating, are suspended atop lithographically patterned arrays of 
pillars.  The films are then annealed above the glass transition temperature, Tg, of the 
polymer, randomly forming holes which expand to form a branched network of fibers.  
The characteristic timescale for the decay of this branched network is calculated and 
compared across the range of film thicknesses.  This breakup timescale is dependent on 
entanglement molecular weight, thus a transition into a confined regime where interchain 
entanglements are greatly reduced is shown, evidenced by a corresponding drastic 
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where λ is the longest relaxation time for the fluid fiber.  Thus tc gives a time based 
model for the breakup and decay of the fiber network.  Equation 5.1 shows that the 
critical time to breakup is dependent upon the longest relaxation time, tc ~ λ.  Because tc is 
proportional to λ, the breakup of fibers in the bulk is dependent upon Mw, which relates 
directly to the previous statement of λ ~ Mw3ν.   Thus, there should be a strong correlation 
between the relaxation time and the effective molecular weight of the chains, dictated by 
their interchain entanglements, while in a regime with no confinement effects.  With 
confinement, interchain entanglements can be reduced having an influence on the 
effective molecular weight and thus the relaxation time of the fibers.  As the breakup of 
the fiber network, relaxation time, and the decay of branching in the bulk are all 
correlated, the following expressions can be stated: 








νλτ 3~~ wb M  (5.3)
 
where ρb(t) is the branching density as a function of time, normalized by the initial 
branching density, ρb0, and τb is the characteristic branching density timescale. 
 The decay of the branched fiber network is monitored via optical microscopy.  
From the images, number of branches and subsequently branching density can be 
calculated versus time.  A representative plot of normalized branch density as a function 
of time is shown in Figure 5.3.  Branching density falls off linearly in the initial stages of 
fiber network breakup then, at long times, breakup slows and the timescale decays.  As 
shown in Figure 5.3, applying a linear fit to the initial linear portion of the branching 
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data, the characteristic branching density timescale can be acquired, ρb(t)/ρb0 ~ - t/τb, as 
the inverse of the tangential slope at t = 0 is equal to the exponential decay constant.  A 
linear fit was chosen to analyze branching density decay due to the timeframe of 
branching experiments at larger thicknesses not completely encompassing the 
exponential decay of these slower yielding samples.  The inset in Figure 5.3 shows the 
initial linear region in more detail.  Because the branching density timescale is dependent 
upon tc (and thus λ and Mw), the slope of the linear portion of the graph should be similar 
for samples of the same molecular weight, unless the parent film thickness enters the 
confinement regime.  In the confinement regime we would expect a dramatic increase in 
the magnitude of this slope, thus a decrease in the branching density timescale, indicating 
less entangled chains, which would contribute to greater yielding and breakup of the 
fibers. 
 






















Figure 5.3. Normalized branch density, ρb/ρb0, as a function of time, t, showing the 
exponential decay of branching (h = 60 nm, 400 kDa PS) with the initial portion fit with 
the linear expression, ρb(t)/ρb0 ~ - t/τb.  The inset shows finer detail of the initial linear 




 Figure 5.4. is included to show branch density decay data for all samples tested.  
Branch density data for numerous films over a thickness range from 50 – 100 nm, with 
constant pillar spacing and Mw, was measured and normalized by the initial branch 
density.  Determining the characteristic branching density decay timescale for samples 
versus parent film thickness, will allow the elucidation of confinement effects. 
 

























Figure 5.4. Normalized branch density, ρb/ρb0, as a function of time, t, showing the 
exponential decay of branching for all film thicknesses tested (400 kDa PS, pillar spacing 
was 75 µm). 
 
5.2.3. Confinement Effects on Chain Entanglement 
 Data for the breakup of fiber networks from parent films with thicknesses varying 
from 50 to 100 nm was acquired.  Branching timescales for this series of films with 
constant Mw (400 kDa PS) were collected.  The plot of linear branching timescales as a 
function of thickness shows that below a critical film thickness, the branching density 
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timescale falls to far less than the expected bulk value (Figure 5.5).  This critical 
thickness corresponds to the changeover to where the initial film is in a confined regime 
in which chains have reduced interchain entanglements and thus the film thins, yields, 
and undergoes breakup more readily in the subsequent flow, indicated by a decreased 
branching density timescale.  In the bulk, τb should be directly proportional to the 
relaxation time of the material, which correspondingly is proportional to the effective Mw.  
However, once chains have been confined, the branching density timescale and thus the 
relaxation time deviates.  The decrease of the branching density timescale clearly shows 
its dependence on the effective entanglement molecular weight, and therefore the relative 
entanglement density at a given thickness, ν(h), thus τb ~ ν(h).  Jones and coworkers, 
illustrate this same confinement regime in their work.42  They report the same transition 
to reduced interchain entanglements and increased yielding from films with initial 
thicknesses below approximately 60 nm.  This difference in yielding behavior between 
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Figure 5.5. Branching density timescale, τb, as a function of film thickness, h, Mw = 400 
kDa.  The red line is shown to illustrate the deviation from bulk behavior.  Thickness is 
plotted in terms of a dimensionless ratio, h/2Ree, along the top axis. 
 
 The amount of confinement of polymer chains in ultra-thin films can be expressed 
as a ratio of film thickness versus the polymer length scale, Ree, thus h/2Ree, where h/2Ree 
= 1 would represent a film with the thickness of one chain's pervaded volume diameter.  
2Ree was calculated to be ~ 32 nm for 400 kDa PS according to Ree = N1/2a, where N is 
the number of polymer repeat units and a is the monomer length (approximated to be 
2.55 Å).86  Considering the confined architecture of a thin film, a chain at an air/polymer 
interface is perturbed and reflected by this boundary such that the pervaded volume of a 
chain is reduced.42, 95  This perturbation is approximated to be up to 1/2 the bulk pervaded 
volume.  As a chain is perturbed by an interface, the interchain entanglements will be 
reduced due to the reduction in the allowed pervaded volume.  Thus in a film with two 
interfaces, such as in a free-standing film, as a film gets thinner, chains will interact with 
both interfaces and the reduction in pervaded volume and entanglement density becomes 
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more severe.  Once a region is entered where films are sufficiently thin, self-
entanglements will dominate and few interchain entanglements will exist, resulting in a 
drastically reduced network of chains, and thus a more fragile film.  Figure 5.5 shows this 
reduction in entanglements corresponding to a dimension approximately twice the 
calculated diameter of a chain in the bulk.  Below this dimension perturbation of the 
pervaded volume of bulk chains is expected to have a significant contribution, as chains 
would have to begin to pack into a confined regime with the influence of the two 
air/polymer interfaces.  Thus, the entanglement density of the parent film and therefore 
the timescale for the breakup of the fiber network will be greatly reduced. 
5.3. Conclusions 
 The decay of branching in suspended fiber networks formed by the melting of 
free-standing polystyrene thin films was determined to be a useful tool in studying the 
effects of confinement on chain entanglement.  Fibers produced from thin films in an 
initial confined regime, below a critical film thickness, breakup in response to an 
exponential strain with a characteristic timescale in a manner consistent with a drastic 
reduction in the interchain entanglement density.  The entanglement density was found to 
decrease in a regime below a corresponding critical parent film thickness, comparable to 
the dimensions of bulk polymers, h/2Ree < 2.  This model agrees with previous 
explorations and experiments with models for the perturbation of the pervaded volume of 
polymer chains when in contact with interfaces.42, 95  As a film becomes sufficiently thin, 
interfaces dominate and the proportion of self-entanglements increases and interchain 
entanglements decrease, resulting in a much less stable network of chains.  The presented 
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analysis of confinement effects on chain entanglement extends the understanding of 





FLUORIMETRIC NERVE GAS SENSING BASED ON PYRENE IMINES 
INCORPORATED INTO FILMS AND SUB-MICRON FIBERS 
6.1. Introduction 
 Organophosphates are toxic compounds found in chemical-warfare agents, such 
as Sarin and Soman, as well as pesticides.  Highly active, volatile chemical-warfare nerve 
agents cause rapid and severe inhibition of serine proteases, most markedly 
acetylcholinesterase, which is vital to nerve function.  This inhibition is often fatal.  
Nerve agents were used in the 1995 terrorist attack in a Tokyo Subway96-98 and on 
Kurdish communities in Iraq.99  The ease of manufacturing and dispensability, as well as 
available, inexpensive starting materials make these agents a weapon of choice for 
criminal terrorist attacks.  Thus, the rapid sensing of these nerve agents has become an 
increasingly important research goal, especially aimed towards practical “in the field” 
devices.  Concerns for national security as well as large stockpiles of aging and currently 
leaking weapons containing nerve agents in the United States make the problem of nerve 
agent sensing even more imperative.100 
There have been a number of approaches for the detection of chemical-warfare 
agents including colorimetric,101-104 fluorimetric,105-112 photoacoustic spectroscopy,113 gas 
chromatography-mass spectrometry,114 enzymatic assays,115-116 and molecular imprinting 
coupled with lanthanide luminescence and fiber optics.117-119  Although all of these 
methods have advantages and disadvantages, no gold standard has emerged and many 
approaches are either complex, non-sensitive, non-selective, or do not sense in real time.  
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only served as “turn-off” indicators in the presence of SAS-Cl.  The “turn off” event is a 
decrease in intensity of emission and is more difficult to measure or see optically than the 
creation of a unique optical event.  Further complicating the matter, the homopolymer of 
1 has issues with solubility in many solvents.  In order to create drawn fibers from 
polymers of molecular weight around 100 kDa, solutions at a minimum of 15 wt% need 
to be used to prevent fiber breakup.29  The homopolymer is only minimally soluble (less 
than 1 wt%) in suitable, high vapor pressure drawing solvents such as toluene, 
chlorobenzene, and CHCl3.  To circumvent these difficulties we considered the direct use 
of monomer 1 itself.  This structure proved to be a valuable “turn on” sensor as presented 
below. 
6.2.1. Solution Properties of 1 and 2 
Due to these complications with the homopolymer, the solution and bulk 
properties of the small molecule 1 were studied.  This monomer was found to have much 
better sensing properties and capabilities with the creation of a unique “turn on” optical 
event, rather than the difficulties involved with a “turn off” sensing probe where a small 
decrease in a large signal must be detected.  In addition, 1 can also be easily incorporated 
into polymer solutions for the purpose of drawing micron and sub-micron fibers.  
Studying the solution and bulk properties of 1 gave more insight on its sensing properties, 
and allows for the incorporation of 1 into future polymer compositions and architectures.  
To be sure the pyrene imine was essential for fluorimetric detection of nerve agents a 
model compound (2), containing an alkyl group in place of the norbornene functionality, 
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by rearrangement to form a carbon-phosphorous bond at the imine group carbon.  This 
proposed reaction is supported in reports from Abd-Ellah, et al. and El-Khazandar, et 
al.130-131  Monitoring this reaction with 1H NMR, a decrease in the imine proton peak 
intensity (8.44 ppm) is seen which corresponds to the loss of this proton during the 
reaction.  Expected shifts of the β pyrene proton (8.89 ppm) as well as the proton adjacent 
to the imine (methylene in 1, 4.01 ppm, and methyne proton in 2, 3.12 ppm) confirm the 
phosphorylation of the imine.  The corresponding 1H NMR spectrum of the reacted 
pyrene imine is given in the Experimental Chapter (Figure 8.17).  The resultant 
phosphorylated imine bond is conjugated with the pyrene ring resulting in the observed 
red-shift in the fluorescence. 
To further investigate the importance of the imine in the reaction with SAS-Cl, 
the UV-Vis and FL spectra of 1-pyrenecarboxaldehyde, the aldehyde precursor to 1, were 
also taken before and after exposure to SAS-Cl (Figure 8.6).  The spectra of the 1-
pyrenecarboxaldehyde upon exposure to SAS-Cl, shows no observed decrease in the 
characteristic pyrene peaks and no green emission in the 490 nm range as observed with 
the reaction of SAS-Cl and 1.  This lack of detection on the part of 1-
pyrenecarboxaldehyde shows that the reactive imine of 1 is crucial in the detection of 
SAS-Cl.  The UV-Vis and FL spectra of 1, before and after exposure to SAS-Cl, were 
also taken in DMSO and CHCl3 and are similar to the toluene spectra in Figure 2.4. 
 The sensitivity of 1 in solution was determined by adding specific amounts of 
SAS-Cl and measuring the subsequent emission (Figure 6.5).  The green emission at 
approximately 490 nm can be detected both by the naked eye under a handheld UV lamp 
and through FL at an exposure of 40 parts per million volume (ppmv) SAS-Cl in both 
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toluene and CHCl3 (Figure 8.7) at a concentration of 1 × 10-4 wt% of 1.  As more SAS-Cl 
is added, the characteristic pyrene peaks decrease and the green emission increases.  The 
sensitivity of 2 (Figure 8.8) was similar to that of 1, however 2, due to its lower 
molecular weight, had a slightly higher mole percent in solution, thus was slightly more 
sensitive at the same concentration (0.1 wt%). 
 































    Concentration
 
Figure 6.5. The sensitivity of 1, at 1 × 10-4 wt% in toluene, to SAS-Cl. 
 
6.2.2. Bulk PS Film Properties 
 In order to investigate the detection of nerve agents in the solid state and 
eventually in polymeric fibers, films were created of 1 dispersed in PS.  The films and 
fibers were cast from a 15 wt% solution of PS in toluene containing 0.1 wt% 1.  The 
sensitivity and selectivity of these PS films were studied to determine their sensing 
properties.  The green emission, and thus the sensitivity of 1, in the PS film can be easily 
detected via FL or by the naked eye under a handheld UV lamp at an exposure of 5 ppmv 
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SAS-Cl (Figure 6.6).  The detection of SAS-Cl in the PS films was fast, occurring in less 
than one second upon exposure and almost an order of magnitude greater than in solution 
(5 ppmv vs. 40 ppmv, respectively). 
 





























Figure 6.6. The sensitivity of 1 to SAS-Cl in a PS film, from a solution of 15 wt% PS 
and 0.1 wt% 1 in toluene. 
 
   The solution sensitivity of 1 may have been affected by the equilibrium between 
the imine functionality and the corresponding hydrolyzed amine and pyrene aldehyde 
products.  In the solid form 1 is stable, having a shelf life of at least one year, as checked 
by NMR; however, the equilibrium of 1 with the hydrolyzed amine could be more 
pronounced in dilute solutions.  This hydrolyzed amine would react with SAS-Cl to 
effectively lower the threshold sensitivity of 1; amine would react with SAS-Cl, requiring 
more SAS-Cl to be added to the solution in order to detect the green emission, therefore 
the sensitivity of 1 in solution would be decreased.  Previous work, illustrated by Stern-
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to Sarin and its mimic SAS-Cl (Figure 6.8).  These films containing 1 were determined to 
be insensitive towards alkyl phosphates (TEP and TBP) or the Soman surrogate (SOS), 
suggesting that the oxophilicity of the imine is not important in the detection event.  The 
selectivity of 1 towards an acid chloride (AcCl) and a chlorophosphate (PDCP) was also 
measured.  A small response was seen from exposure to AcCl and PDCP, indicating that 
the increased reactivity of SAS-Cl is significant and why no response was observed upon 
addition of SOS.  The selectivity of 1 in solution was similar to the selectivity in the bulk 
PS films. 
 

























































Figure 6.8. FL spectra (a) and emission intensity at λ = 492 nm (b) showing the 
selectivity of 1 in PS films (from a solution of 15 wt% PS and 0.1 wt% 1 in toluene) for 
SAS-Cl versus other compounds.  FL samples were excited at λex = 350 nm.  Emission of 
1 was measured at λ = 492 nm to determine selectivity in (b). 
 
6.2.3. Fibers: Properties and Applications 
 Micron and sub-micron fibers were manufactured using two approaches, direct 
drawing and electrospinning.  As stated earlier, micron and nanofibers have great 
potential for applications in devices for tissue engineering, photonics, catalysis, and 
sensing.  Functional fibers can be electrospun into mesh mats, able to be placed in 
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solutions or airstreams, for applications in sensing systems.5-6, 126-127  Suspended, ordered 
fibers could be incorporated into optical devices for use in electronics, photonics, optics, 
and sensors3, 7-8, 30, 124-125 or as scaffolds for microfluidic devices.30  In addition, fibers 
have increased surface area and thus have increased exposure to the sensing environment.  
If sensing in the solid is diffusion limited, smaller objects with increased surface area 
may prove to be more sensitive.6, 9-10 
  Suspended, ordered micron and sub-micron fibers were manufactured by a direct 
and facile approach developed by Cohn and associates.30, 33  As Cohn, McKinley, and 
coworkers have shown, the drawn fiber diameter can be tailored by the modulation of 
solution properties including viscosity and surface tension, which are changed by varying 
the solution concentration and the Mw of the polymer.29, 132  In this investigation, drawn 
fibers were created from a toluene solution of 15 wt% PS (Mn = 400 kDa), containing 0.1 
wt% 1, to form fibers with various diameters from less than 1 µm to approximately 40 
µm (Figure 6.9).  These unexposed fibers (Figure 6.9a) were then exposed to SAS-Cl 
vapor to measure their sensitivity.  The green emission of 1 could be easily detected at 
2.5 ppmv exposure to SAS-Cl by FOM (Figure 6.9b and 6.9c) and at 5 ppmv by the 
naked eye under a handheld UV lamp.  The “turn on” optical detection event is easily 
seen in the difference between the unexposed fibers in Figure 6.9a and the same fibers 
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hydroxyl Soman surrogate (SOS), and less reactive halogenated phosphates.  This 
sensing scheme has the potential to be incorporated into a functional fluorimetric device.  
The application of this detection into functional micron and nanofibers will allow it to be 







 The mechanisms which dictate the formation, evolution and breakup of suspended 
fibers from the melting of free-standing polystyrene ultra-thin films were investigated.  
The confines of ultra-thin films allow access to regimes in which physical properties of 
polymers differ from those of the bulk.  Detailed examination of the phenomena of hole 
nucleation, hole growth, and the capillary thinning and breakup of fibers yielded an 
advanced understanding of thin film stability, polymer chain dynamics and confinement 
effects. 
The nucleation of holes was used as an investigative tool for studying the 
dynamics of thin film stability and rupture.  It was shown that the nucleation of holes in 
free-standing polymer thin films in the melt state should not be considered in the same 
manner as unstable, rupturing films on a solid substrate.  Accordingly, a simple free 
energy balance was used to model the formation of a hole in a free standing polymer thin 
film.  In conjunction with this energy balance, a classic energy barrier model for the 
nucleation of holes was applied which correlates film thickness with hole density.  The 
hole nucleation data is well fit by the capillary model and energy barrier scaling.  
However quantitatively, deviations from the predicted energy barrier suggest additional 
driving forces could influence the mechanism of hole nucleation. 
 The growth of holes in free-standing polymer thin films was studied over various 
thicknesses and molecular weights.  An exponential growth law was applied and the 
growth of holes was determined to be exponential in a shear thinning dominated, 
nonlinear viscoelastic, high shear strain regime.  This exponential growth of holes agrees 
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with hole growth studies in the literature.  Likewise, shear viscosity in this shear thinning 
regime was found to be independent of Mw, where viscosity is dominated by the effects of 
chain entanglements.  Additionally, the decay of hole growth was shown to occur at the 
onset of hole impingement, the process which leads to bridge formation and thus 
suspended fibers. 
 A model for the elasto-capillary thinning of slender viscoelastic fluid filaments 
was applied to the evolution of fibers.  The thinning of fibers obeyed this model for 
capillary thinning allowing for the acquisition of rheological properties of the polymers.  
The acquisition of the transient, apparent extensional viscosity was shown to be a useful 
tool for measuring phenomena such as strain hardening and the eventual steady-state 
extensional viscosity.  In addition, a geometric scaling was developed which quantified 
the relationships between film thickness, pillar spacing, and yield to resultant fiber radius. 
 The decay of fibers and their interconnected branched structure was shown to 
indicate the effects of confinement on chain entanglement in free-standing, ultra-thin 
films.  Fibers produced from an initial confined regime, below a critical thickness, 
breakup dramatically faster than non-confined samples in response to an exponential 
strain.  Interchain entanglement density was found to be drastically reduced in this regime 
below the critical parent film thickness, which is comparable to the dimensions of a bulk 
polymer.  As the dimensions of the parent film decrease, interfaces dominate and 
interchain entanglements decrease, resulting in a less stable network of polymer chains. 
The detailed study of the processes involved in fiber formation and breakup 
yielded insight into thin film stability, polymer chain dynamics, and rheological and 
material properties.  Ultra-thin films were found to be an excellent platform for the 
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analysis of confinement effects and resultant deviation of physical properties from the 
bulk.  Future studies utilizing this new approach could probe many exciting and 
significant phenomena in polymer science.  New areas could include: the inclusion of 
nanomaterials to create nanocomposites with properties not limited to fluorescence, 
superparamagnetism, thermo-mechanical responsiveness; the study of the distribution of 
these nanomaterials through the shear thinning of hole growth and the capillary flow and 
thinning of polymer fibers; the investigation of changed material properties of these 
nanocomposites; and the control over hole nucleation to make ordered suspended 






8.1. Fiber Formation Experimental Methods 
8.1.1. Flow Coating, Film Preparation, and Annealing 
Monodisperse polystyrene (PS, Mn = 123, 400, 2000, 6000 kDa, Mw/Mn = 1.08, 
1.06, 1.20, 1.22, respectively, Alfa Aesar) was dissolved in toluene at various 
concentrations (0.75 – 2.0 wt%) and filtered through a 40 µm PTFE filter.  Before 
casting, polished silicon wafers were cleaned with acetone and toluene, then UV ozone 
for 20 min.  Thin films were cast onto silicon wafers utilizing the flow coating 
technique.74  A bead of PS solution (~ 50 µL) was cast under the blade.  The blade was 
lowered to a gap height of 300 µm and was drawn across the surface of the wafer, leaving 
a film of PS solution.  The solution evaporates in air to leave a uniform thin film of PS.  
Variable thickness films were cast at an acceleration of 6 mm/s2 starting at 0 velocity for 
45 mm.  The thickness of cast PS films was measured via a UV-visible interferometer 
(Model F20, Filmetrics, Inc.) operated in reflectance mode with a spot size of ~ 0.5 mm.  
Typical film thickness gradients were between ~ 30 – 80 nm for 1.5 wt% solutions and ~ 
60 – 120 nm for 2.0 wt% solutions for 400 kDa PS.  A representative film thickness 
profile and surface plot, obtained via interferometry, are given in Figure 8.1.  Films were 
floated onto water by lowering the wafer into a clean water (Milli-Q) bath, whereupon 
the thin film would separate from the surface.  A pillar array was inserted under the 
floating film and lifted to pull the film from the surface of the water onto the pillar array, 
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manual acquisition takes an immeasurable amount of time.  Based on recent techniques 
developed for measuring electrospun fiber diameters,133-135 a more versatile image 
analysis method was developed in MATLAB for the measurement of fibers suspended on 
pillar arrays.  In this method, images of fibers (Figure 8.2a) are converted to binary 
images of 0’s and 1’s (black and white, respectively, Figure 8.2b) where 0’s are non-
object pixels and 1’s correspond to objects.  A Euclidean distance calculation is 
performed on the binary images, where every pixel value is converted to a distance value 
based on its distance to a zero pixel.  This creates an image called a “distance map” (color 
enhanced in Figure 8.2c) where the pixel values correspond to the distance to the edge of 
a fiber (hot colors represent larger distances).  The binary image is also used to create a 
“skeleton” where objects are represented as traces that are one-pixel in width, located at 
the center of the corresponding objects.  Pillars appear as connected objects in the binary 
images and therefore they must be removed in order to analyze the fibers.  Multiple 
sliding neighborhood operations have been developed and employed for this task, which 
systematically remove pixels associated with large objects in a skeleton, resulting in an 
image of only desired objects, corresponding to fibers.136  Sliding neighborhood 
operations also remove spurs, junctions, and other discontinuities in the skeletonized 
image (Figure 8.2d).  This pruned and cleaned skeleton is multiplied element-by-element 
to the distance map in order to calculate individual fiber diameters, thus the distribution 
of fiber diameters per image can be determined (Figure 8.2e).  Yield per image was 
calculated by counting the connectivity of fibers between pillars, then dividing by the 
total possible connections in an image.  These image values are compiled to observe 
92 
 





























Mean = 2.095 μm













Fiber Diameter (μm)  
Figure 8.2. Schematic of the image analysis performed on OM fiber images. (a) Fiber 
image, (b) converted binary image, (c) distance transform of binary image, (d) 
skeletonized and pruned image, (e) resultant histogram of fiber diameters generated from 
the element-by-element multiplication of the distance map and the skeleton. 










8.1.3. Image Analysis Script 
 The full image analysis script written in MATLAB code is given below. 
 
FIBER IDENTIFICATION AND CLASSIFICATION SCRIPT 
Coded by Joshua M. Grolman and Jeremy M. Rathfon 
 
clear all; close all; 
 
%% Allocating memory for variables 
 
FileName = []; 
PathName = []; 
tempim = []; 
distance1 = []; 
distancemin = []; 
distanceavg = []; 
zeresults = []; 
results = []; 
distance2 = []; 
avgdistanceperfib = []; 
sumdist = []; 
numdist = []; 
meddist = []; 
vardist = []; 
orientationIdx = []; 
a = 1; 
threshadj = 1; 
numskel = 19; 
permax = 500; 
permin = 75; 
 
%% Opening .tif Stack 
 
% Open graphic file explorer and store pathname for .tif stack 
[FileName,PathName] = uigetfile('*.tif','MultiSelect','on'); 
tifstackinfo = imfinfo(FileName); 
 
% Begin for loop, applying sliding_neighborhood to each consecutive image in the stack 
for i = 1:size(tifstackinfo,2); 
i 
 
% Open frame number i as variable tempim 
[tempim] = imread(FileName,i); 
 
% Determine optimal gray threshold level for tempim 
level = graythresh(tempim); 
 




% Convert image to binary and adjust threshold for brightness fluctuations 
BWim = im2bw(tempim, level*threshadj); 
 
% Fill holes in image to clean 
BWim2 = imfill(~BWim,'holes'); 
 
% Invert image values so objects equal ‘1’ 
BWim2 = ~BWim; 
 
% Apply skeletonizing function to image 
BW2 = bwmorph(BWim2, 'skel', numskel); 
 
% Create distance map D, and label map L 
[D,L] = bwdist(~BWim2); 
 
% Apply a sliding neighborhood algorithm and 'sliding_neighborhood' conditional function to image 
B = nlfilter(BW2, [3 3], 'sliding_neighborhood'); 
 
% Remove lone pixels from the image 
B2 = bwmorph(B, 'clean'); 
 
%% Label skeleton and filter unwanted groups by size exclusion 
 
% Re-label the image B2 to afford the label map L2, and the number of items detected as variable num 
[L2 num] = bwlabel(B2, 8); 
 
% Measure geometric properties of the items detected in L2 
skeletonprops = regionprops(L2, 'PixelList', 'Perimeter'); 
 
% Organize perimeter properties in a separate matrix 
skeletonperimeter = [skeletonprops.Perimeter]; 
 
% Assign an index for objects with perimeter less than permax 
indxtop = skeletonperimeter < permax; 
 
% Assign an index for objects with perimeter greater than permin 
indxbot = skeletonperimeter > permin; 
 
% Index of values that fulfill both indxbot and indxtop 
indxper = indxtop & indxbot; 
 
% Create label matrix 
label = 1:size(indxper,2); 
label = label(indxper); 
 
% Create a zero matrix for matrix compatibility operations 
lastlist = zeros(size(L2)); 
 
% Create a matrix of values that meet both index parameters 
for k = 1:size(label(:), 1); 
currentlist = L2 == label(k); 
lastlist = currentlist + lastlist; 
end 
 
% Clear detected objects touching the image border 




% Re-label image 
[L3 num] = bwlabel(lastlist, 8); 
 
% Measure object properties 
skeletonprops = regionprops(L3, 'PixelList', 'Orientation'); 
distance3 = zeros(num); 
 
%% Correlate skeleton with distance map 
 
for j = 1:num; 
 
% Source data from PixelList 
PixelListIdx = [skeletonprops(j).PixelList]; 
 
% Measures distance map values as they correlate along the skeletonized image 
for k = 1:size(PixelListIdx,1); 
distance1 = D(PixelListIdx(k,2),PixelListIdx(k,1)); 
distance2(k) = distance1; 
end 
 
% Average of distance values per fiber 
indxdist = nonzeros(distance2); 
avgdistanceperfib(j) = mean(indxdist); 
 
% Median of distance values per fiber 
meddist(j) = median(distance2); 
 
% Sum of distance values per fiber 
sumdist(j) = sum(distance2); 
 
% Number of distance measurements per fiber 
numdist(j) = size(distance2,2); 
 
% Standard deviation of distance per fiber 
vardist(j) = var((2*distance2)*a/5.85); 
 
% Orientation angle of fiber 




%% Organize Statistics 
 
% Organizing orientation data of fibers 
for j = 1:num; 
 
% Converting from 360degree orientation data to degree of variance from closest x or y axis 
if abs(orientationIdx(j)) > 45; 
if orientationIdx(j) > 0; 
orientationIdx(j) = (orientationIdx(j) - 90); 







meanorientation = mean(orientationIdx); 
stdorientation = std(orientationIdx); 
 
% Change matrix conformation for mathematical compatibility 
sumdist = sumdist'; 
numdist = numdist'; 
 
% Correlate pixel value data with metric length scale for average distance of fibers per image 
avgdistanceperpix = (sum(sumdist))/(sum(numdist)); 
avgdistanceperpix = (2*avgdistanceperpix)*a/5.85; 
 
% Median distance per image slice 
meddistanceperpix = (2*median(meddist))*a/5.85; 
 
% Standard deviation of fiber distances per image 
stddistanceperpix = sqrt(mean(vardist)); 
 
% Average diameter per fiber 
zediameterfiber = (2*avgdistanceperfib)*a/5.85; 
zeavgdiameterfiber = mean(zediameterfiber); 
 
% Median diameter per fiber 
zemeddiameterfiber = median(zediameterfiber); 
 
% Standard deviation of diameters per fiber 
zestddiameterfiber = std(zediameterfiber); 
 
% Concatenate all data collected for the image into a results matrix 
results = [zeavgdiameterfiber zemeddiameterfiber zestddiameterfiber 
avgdistanceperpix meddistanceperpix stddistanceperpix meanorientation 
stdorientation]; 
 
% Adding results matrix within matrix zeresults for each consecutive image slice along the .tif stack 
[zeresults(i,:)] = results; 
 
% Clear variables 
clear PixelListIdx; clear currentlist; clear distance3; clear distance2; clear skeletonprops; clear indxtop; 
clear indxdist; clear indxper; clear indxbot; clear label; clear lastlist; clear skeletonperimeter; clear 





SLIDING NEIGHBORHOOD FUNCTION 
Note: This function must be paired in the same directory as FIBER IDENTIFICATION 
AND CLASSIFICATION SCRIPT for it to function.  It sets a metric for the moving 
neighborhood operation. 
 
function y = sliding_neighborhood(m) 
 
a = sum(m); 
 
% Across three columns, a skeletonized fiber should be one pixel in width, hence the sum of three columns 
in a 3x3 sample should equal one, removing posts and branch points 
for a(1) + a(2) + a(3) == 3 
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y = 1; 
else y = 0; 
end 
 
% Prevents conjoining of disconnected fibers 
if m(2,2) == 0 % 
 y = 0; 
end 
8.1.4. Pillar Array Fabrication 
Pillar arrays are fabricated by photolithography of SU8 (MicroChem Corp., 
Newton, MA) negative tone photoresist on polished silicon wafers.  SU-8 100 was 
diluted to 80 wt% with a filtered, saturated solution of rhodamine 6g in γ-butyrolactone.  
The resist was spun onto silicon wafers to 500 rpm at 100 rpm/s for 5 s then to 2000 rpm 
at 300 rpm/s for 30 s.  The resist was pre-baked for 5 min at 65 °C, then soft-baked for 15 
min at 95 °C.  The wafers were exposed to 365 nm UV light for 40 s at ~ 40 mJ/cm2.  
Gradient pillar spacing array masks were designed in AutoCAD with pillar diameters of 
15 µm and spacings of 15, 25, 35, and 75 µm.  Transparency masks were printed by 
CAD/Art Services, Inc. at 20,000 dpi.  Wafers were post exposure baked for 1 min at 65 
°C, then 4 min at 95 °C.  The samples were developed in MicroChem SU-8 Developer 
for 3.5 min.  Completed pillar arrays were hard baked at 190 °C overnight.  Images of 
representative pillar arrays are given in Figure 8.3.  Representative optical profilometry 
height profiles of a 15 µm spaced pillar array are given in Figure 8.4; profilometry was 
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tert-butyl ester: Di-tert-butyl dicarbonate (16.0 g, 73.3 mmol) was added to a solution of 
ethanol amine (3.96 mL, 66.6 mmol) in dioxane (400 mL) and allowed to stir at room 
temperature for overnight.  The solvent was then removed under reduced pressure and the 
crude product was redissolved in dichloromethane (200 mL) and washed, consecutively, 
once with 1% HCl solution (200 mL), twice with a saturated NaCl solution (2 × 100 mL), 
and once with water (200 mL).  The final solution was treated with MgSO4 and the 
solvent was removed under reduced pressure to afford the (2-hydroxy-ethyl)-carbamic 
acid tert-butyl ester in 98% yields (10.5 g) as colorless oil.  (2-Hydroxy-ethyl)-carbamic 
acid tert-butyl ester (4.00 g, 24.8 mmol) was then added to a round-bottom flask charged 
with 10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (3.73 g, 22.6 mmol) and 
triphenylphosphine (6.51 g, 24.8 mmol).  Tetrahydrofuran (200 mL) was then added to 
the flask to dissolve the mixture. The flask was immersed in an ice bath upon which 
diisopropyl azodicarboxylate (4.8 mL, 24.8 mmol) was added drop-wise. The ice bath 
was then removed and the reaction mixture was allowed to stir at room temperature for 
12 h. The solvent was later removed under reduced pressure.  The pure product, [2-(3,5-
dioxo-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-en-4-yl)-ethyl]-carbamic acid tert-butyl 
ester, was isolated by crystallization from anhydrous diethyl ether (5.58 g, 80% yield).  
1H NMR (300 MHz) and 13C NMR (75 MHz) spectra were obtained using a Bruker 
DPX-300MHz NMR spectrometer.  1H NMR (300 MHz, CDCl3) δ:  6.48 (s, 2 H), 5.22 
(s, 2 H), 4.80 (br s, 1 H), 3.61-3.57 (m, 2 H), 3.29-3.23 (m, 2 H), 2.82 (s, 2 H), 1.37 (s, 9 




1: [2-(3,5-Dioxo-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-en-4-yl)-ethyl]-carbamic acid 
tert-butyl ester (2.00 g, 18.0 mmol) was dissolved in 10.0 mL of a 2.5 M HCl solution of 
dioxane. The solution was allowed to stir at room temperature for 6 h. The product was 
filtered and washed three times with 20 mL diethyl ether and dried under vacuum to 
afford 2-(3,5-dioxo-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-en-4-yl)-ethyl-ammonium 
chloride as a white powder (1.40 g, 80% yield).  To a round-bottom flask charged with 2-
(3,5-dioxo-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-en-4-yl)-ethyl-ammonium chloride 
(1.40 g, 14.4 mmol), 1-pyrenecarboxaldehyde (3.98 g, 17.3 mmol), absolute ethanol (50 
mL), and triethylamine (4.0 mL, 28.8 mmol) were added.  The reaction mixture was 
refluxed for 30 min and the product crystallized upon cooling the solution to room 
temperature.  The product, 4-{2-[(pyren-1-ylmethylene)-amino]-ethyl}-10-oxa-4-aza-
tricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (1), was isolated by filtration as yellow crystals 
(5.45 g, 90% yield).  1H NMR (300 MHz, CDCl3) δ:  9.16 (s, 1 H), 8.89 (d, J = 9.3 Hz, 1 
H), 8.44 (d, J = 7.9 Hz, 1 H), 8.21-7.98 (m, 7 H), 6.38 (s, 2 H), 5.16 (s, 2 H), 4.01 (s, 4 
H), 2.79 (s, 2 H).  13C NMR (75 MHz, CDCl3) δ: 176.26, 162.10, 136.38, 131.14, 130.56, 
129.83, 128.61, 128.32, 127.39, 126.75, 126.05, 125.79, 125.58, 124.86, 124.71, 124.54, 
122.82, 80.75, 59.14, 47.35, 39.62. 
2: To a round-bottom flask charged with 1-pyrenecarboxaldehyde (2.00g, 8.69 mmol), 50 
mL of absolute ethanol and 1-ethylpropylamine (1.51g, 17.4 mmol) were added.  The 
reaction mixture was refluxed for 30 min and the solvent was removed under reduced 
pressure.  The unreacted 1-ethylpropylamine was removed at 100 oC under vacuum.  The 
viscous brown oil was dissolved in dichloromethane, passed through a short silica plug, 
and dried under vacuum to afford (1-ethyl-propyl)-pyren-1-ylmethylene amine (2) as a 
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yellow solid (2.21 g, 85% yield).  1H NMR (300 MHz, CDCl3) δ:  9.25 (s, 1 H), 8.86 (d, J 
= 9.3 Hz, 1 H), 8.39 (d, J = 7.9 Hz, 1 H), 8.22-7.99 (m, 7 H), 3.12 (m, 1 H), 1.84-1.75 (m, 
4 H), 0.96 (t, J = 7.2 Hz, 6 H).  13C NMR (75 MHz, CDCl3) δ: 158.08, 132.54, 131.26, 
130.26, 129.69, 129.20, 128.53, 128.33, 127.51, 126.41, 126.09, 125.77, 125.53, 124.98, 
124.75, 122.80, 76.10, 29.03, 11.22. 
8.2.3. Sensitivity and Selectivity Measurements 
 All UV-Vis spectra were obtained with a PerkinElmer Lambda 2 series 
spectrophotometer with PECSS software, below an absorbance value of 1.0 to obey the 
Beer-Lambert law.  Fluorescence (FL) measurements were performed on a Jobin Yvon 
Fluorolog-3 fluorimeter, using samples of absorbance values less than 0.1 to avoid 
aggregation phenomena.  Samples were excited at λex = 350 nm and emission was 
measured from λem = 365 - 650 nm at a right angle to the excitation. 
Sensitivity measurements of the 1 in solution were taken at 1 × 10-4 wt% in 
dimethylsulfoxide (DMSO), chloroform (CHCl3), and toluene.  Specific amounts of SAS-
Cl diluted with the corresponding solvent were added and the response was measured via 
FL.  All sensitivities were measured in parts per million volume (ppmv) using 
corresponding volumetric amounts of SAS-Cl versus the volume of the container used.  
For film sensitivity of 1, 0.1 wt% of 1 was added to toluene.  This solution was then 
added to PS to form a 15 wt% solution.  20 µL of the PS/1 solution was dropped onto a 
quartz slide and toluene was allowed to evaporate to form a film.  The slide was placed in 
a closed cuvette, with known volume, and positioned in the fluorimeter to have excitation 
and emission at 45 degrees to the surface.  Specific amounts of SAS-Cl, diluted in 
acetone as a carrier agent, were added to the cuvette and the response was measured via 
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FL.  The selectivity of 1 in solution and film was measured in the same manner except a 
large excess (20 µL), as compared to molecules of 1, of each reagent was added to the 
cuvette.  All sensitivity and selectivity measurements were normalized to the intensity at 
λ = 392 nm of their corresponding spectra with no exposure of any reagent. 
8.2.4. Fiber Drawing 
Direct drawing was performed by drawing 20 µL of 15 wt% PS and 0.1 wt% 1 
dissolved in toluene, applied to a glass cover slip, over a glass array of 200 x 200 µm 
square pillars with 200 µm spacing.  Electrospinning of PS was performed using 10 mL 
syringe equipped with an 18 gauge (inner diameter = 0.838 mm) blunt-tipped needle.  An 
aluminum foil collector (~ 10 × 10 cm) was placed at a separation distance of 12 cm.  
Fibers were spun using a flow rate of 0.01 mL/min with applied voltages of 12, 16, and 
20 kV.  Fibers were drawn using two solutions, 15 wt% PS and 0.1 wt% 1 as well as 20 
wt% PS and 0.13 wt% 1 dissolved in N,N-dimethylformamide (DMF).  Surface 
morphology, diameter, and fiber morphology (beading) were checked via scanning 
electron microscopy (SEM).   
8.2.5. Microscopy 
 All optical microscopy images were taken using an Olympus BXS1 upright 
microscope equipped with a HBO-100 Hg lamp.  Fluorescence optical microscopy 
(FOM) images were taken using a λex = 420 - 480 nm excitation filter and a λem = 520 - 
800 nm emission filter.  SEM was performed on a JEOL 6320 FXV Field Emission SEM 
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Figure 8.5. UV-Vis spectra of 1 (a) and 2 (b) in toluene before and after exposure to a 
large excess (20 µL) of SAS-Cl. 
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Figure 8.6. FL (a) and UV-Vis (b) spectra of 1-pyrenecarboxaldehyde in toluene before 




































Figure 8.7. The sensitivity of 1, at 1 × 10-4 wt% in CHCl3, to SAS-Cl. 
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Figure 8.11. 1H NMR of [2-(3,5-dioxo-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-en-4-yl)-












































Figure 8.12. 13C NMR of [2-(3,5-dioxo-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-en-4-yl)-
ethyl]-carbamic acid tert-butyl ester in CDCl3. 
 
 



















































































































































































































































Figure 8.16. 13C NMR of 2 in CDCl3. 
 































































 Figure 8.17. 1H NMR
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